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Biofilm is defined as a biologically active matrix of cells and extracellular 
substances in association with a solid surface (Bakke, Trulear, Robinson, and Characklis, 
1984). The biofilm can grow as thick as a few micro millimeters within a few days 
depending on the culture conditions and the species. Understanding the effect of 
temperature and pH on biofilm formation is essential to prevent their formation, and can 
reduce the risk of ineffective sanitation and microbial contamination. The effect of food-
related stress factors, namely temperature and pH, on biofilm formation and resistance of 
Salmonella Typhimurium, one of the most important foodborne pathogens, to industrial 
sanitizers was evaluated in this study. 
This thesis consists of two experimental studies. In the first study, the effect of 
different temperatures (28, 37 and 42 ºC) and pHs (6 and 7) on biofilm formation 
capability of S. Typhimurium on stainless steel and acrylic was investigated. The rate of 
biofilm formation increased with increasing temperature and pH, while the number of 
attached cells after 240 h decreased with increasing temperature and was not different 
between pH 6 and 7.  The surface hydrophobicity of bacterial cells was not significantly 
(p > 0.05) different among the tested conditions. Electron-donating/accepting properties 
were changed by pH and temperature, although such changes did not correlate with 
biofilm formation ability under respective conditions. Attachment of S. Typhimurium 
showed a preference to stainless steel than acrylic surface under all conditions tested, 
implying that acrylic was less adherent than stainless steel. This result suggests that 
acrylic should be considered in the food industry where possible. Moreover, this study 
indicates that hurdle technology using lower temperatures and pHs would help to delay 
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biofilm formation on food contact surfaces when the product is contaminated with S. 
Typhimurium. 
In the second study, the aim was to understand how the above mentioned factors 
affected on the resistance of S. Typhimurium biofilm against industrial sanitizers. The 
sanitizers tested were quaternary ammonium compounds (QAC, 200 ppm), mixed 
peroxyacetic acid/organic acids (PAO, 0.1%) and sodium hypochlorite (chlorine, 50 
ppm). It was observed that, for biofilms formed at pH 7-37 °C, chlorine was the most 
effective sanitizer, followed by QAC and PAO. For all conditions tested, attachment 
surfaces didn’t cause any significant difference in biofilm resistance against sanitizers. 
Increasing in biofilm age led to an increase in resistance to sanitizers, although such 
effect varied by growth condition and sanitizer. The resistance of biofilm formed on 
stainless steel at pH 6-37 °C increased with increasing biofilm ages. The effect of 
temperature and pH on biofilm resistance was dependent on biofilm ages. For 168-h 
biofilm formed at pH 6, the resistance to all three sanitizers was highest for 37 °C, 
followed by 28 and 42 °C; while for biofilm formed at 37 °C for 168 h, pH 6 condition 
increased biofilm resistance to QAC and PAO, but not chlorine, compared with pH 7. 
These results indicate that the resistance of biofilms against sanitizers was dependent on 
multiple factors, including biofilm age, temperature, and pH. 
In summary, this thesis contributes to knowledge in relation to understanding the 
formation of biofilm and its resistance against industrial sanitizers under food-related 
stressed conditions. Although the mechanism remained unknown and further research is 
required, the present results demonstrated that acidic condition such as pH 6 or growth 
temperature of 37 °C may induce the formation of resistant biofilm in food industry, 
posing an additional risk of cross-contamination. In addition, this thesis could assist in the 
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Chapter I – Introduction 
In nature and food processing environment, bacteria generally exist in one of 
two types of population: planktonic, freely existing in bulk solution, and sessile, as a 
unit attached to a surface and part of a biofilm. The term “biofilm” refers to the 
biologically active matrix of cells and extracellular substances in association with a 
solid surface (Bakke, Trulear, Robinson, and Characklis, 1984). Microorganisms are 
initially attracted to solid surfaces conditioned with nutrients, deposited on the 
surfaces and later get attached. This attachment may be active or passive and depends 
on the bacterial motility or the transportation of the planktonic cells by gravity, 
diffusion or fluid dynamic forces from the surrounding fluid phase (Kumar and 
Anand, 1998). The attached cells grow and divide to form microcolonies on the 
surface. These microcolonies will eventually enlarge and coalesce to form a layer of 
cells entrapped within the extracellular polymeric substance (EPS) matrix, which 
helps to anchor and stabilize the cells to the surface (Kumar and Anand, 1998). The 
biofilm can grow as thick as a few micro millimeters within a few days depending on 
the culture conditions and the species. 
The ability to attach to and subsequently detach from surfaces is a 
characteristic of all microorganisms. Attachment is advantageous and perhaps 
necessary for their survival in the natural environment, as it allows microorganisms to 
exert some control over their nutritional environment, and offers protection from 
environmental stresses. However, the ability of microorganisms to adhere to surfaces 
to form biofilm poses a significant risk in food industry. Several studies have shown 
that bacteria in biofilms exhibit an increased resistance to antimicrobial treatments 
and sanitizing procedures than the planktonic cells (Somers, Schoeni, and Wong, 
1994; Joseph, Otta, Karunasagar, and Karunasagar, 2001; Chavant, Gaillard-Martinie, 
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and Hebraud, 2004; Furukawa, Akiyoshi, O'Toole, Ogihara, and Morinaga, 2010). 
This resistance has been attributed to the varied properties associated with the biofilm 
including: reduced diffusion of the antimicrobial agents by the EPS matrix, 
physiological changes of the cells due to reduced growth rates and the production of 
enzymes degrading antimicrobial substances (Kumar and Anand, 1998). Such biofilm 
cells are not removed during normal cleaning procedure in food processing and could 
offer the risk for cross contamination and post-processing contamination. 
Microorganisms can adhere firmly to plant and animal tissue and are therefore 
difficult to remove or inactivate without damaging the underlying tissues. Disease 
outbreaks associated with Salmonella on chicken and fresh produce and Escherichia 
coli O157:H7 in apple juice, alfafa seed sprouts, and lettuce may be related to the 
inability of sanitizers and washing treatments to remove or inactivate attached 
pathogens (Frank, 2001). In food industry, microbial biofilms may be detrimental and 
undesirable because they cause serious economic consequences such as impeding the 
flow of heat across the surface, increasing the fluid resistance at the surface, and 
increasing the corrosion rate at the surface leading to energy and product loss (Kumar 
and Anand, 1998; Pousen, 1999). 
The formation of biofilm is a complex phenomenon influenced by several 
factors including the chemical and physical properties of the cell surface and the 
attachment surface (also known as the substratum), and the composition of 
surrounding medium (Frank, 2001). The bacterial cell surface, which is the interface 
of the bacterium with its surroundings, directly influences biofilm formation. 
Bacterial attachment to surfaces or other cells can be seen as a physicochemical 
process determined by various forces including van der Waals, electrostatic, steric, 
hydrophilic/hydrophobic and osmotic interaction (Kumar and Anand, 1998). Several 
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structures that are protrude from, or cover the cell surface, such as flagella, fimbrae, 
pilli, curli, surface lipopolysaccharides, etc., shape the physicochemical surface 
properties of bacterial cells, alter the interaction between bacterial surface and 
attachment surface, and therefore determine attachment and biofilm formation 
properties (Van Houdt and Michiels, 2010). These structures have been reported to 
have their own roles in bacterial attachment dependent on the bacterium and the 
surface. For example, flagella was crucial for initial cell-to-surface contact and 
normal biofilm formation under stagnant culture conditions  for several species such 
as E. coli, Listeria monocytogenes, and Yersinia enterocolitica because motility is 
necessary to reach the surface (Pratt and Kolter, 1998; Vatanyoopaisarn, Nazlli, 
Dodd, Rees, and Waits, 2000). On the other hand, curli showed an enhanced 
attachment of different E. coli strains to styrene and stainless steel surface (Cookson, 
Cooley, and Woodward, 2002; Pawar, Rossman, and Chen, 2005). These structures 
may be affected by environmental factors such as temperature or pH. For example, 
curli expression and attachment to plastic surfaces by enterotoxin-producing E. coli 
strains were found to be higher at 30oC than at 37oC (Szabo et al., 2005). Similarly, 
expression of thin aggregative fimbriae in S. Typhimurium and in Aeromonas veronii 
strains isolated from foods was affected by temperature, with a lower temperature (28 
and 20oC, respectively) favouring expression (Kirov, Jacobs, Hayward, and Hapin, 
1995; Romling, Sierralta, Eriksson, and Normark, 1998). Likewise, the lower 
adherence of L. monocytogenes to polystyrene after growth at pH 5 than after growth 
at pH 7 was attributed to the down-regulation of flagellin synthesis (Tresse, Lebret, 
Benezech, and Faille, 2006). Such changes in these surface structures by 
environmental factors result in modification of the physiochemical properties of cell 
surfaces, and hence, affect the bacterial attachment and biofilm formation. 
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It have been reported that biofilm formation of Listeria spp., Salmonella spp. 
and Staphylococcus aureus was greatly affected by growth temperatures ranging from 
4 to 45 °C (Herald and Zottola, 1988a; Peel, Donachie, and Shaw, 1988; Smoot and 
Pierson, 1998a; Norwood and Gilmour, 2001; Gorski, Palumbo, and Mandrell, 2003; 
Mai and Conner, 2007). In some studies, biofilm formation increased with increased 
temperature (Smoot and Pierson, 1998a ; Mai and Conner, 2007) while in another, 
sub-optimal growth temperatures appeared to enhance biofilm production (Rode, 
Langsrud, Holck, and Moretro, 2007). In comparison to temperature, there is less 
information available on the influence of pH on biofilm formation. Pseudomonas 
fragi showed maximum adhesion to stainless steel sturfaces at the pH range of 7 to 8, 
optimal for its cell metabolism (Stanley, 1983), while other studies showed that 
biofilm formation of L. monocytogenes, Serratia liquefaciens, Shigella boydii, S. 
aureus, S. Enteritidis, and Bacillus cereus was induced under acidic conditions (Rode 
et al., 2007; Xu, Lee, and Ahn, 2010). Details will be further discussed in Chapter II – 
Literature Review. 
Overall, the effect of temperature and pH on biofilm formation remains 
ambiguous and may vary greatly with species, attachment surfaces and other 
environmental factors such as nutrient availability. Understanding the characteristics 
of biofilm formation is essential for preventing their formation, and thus, reducing the 
health risks related to biofilm-forming foodborne pathogens. However, relatively few 
studies have been reported on the characteristics of biofilm formation by foodborne 
pathogens under unfavourable temperature and pH (Herald and Zottola, 1988a; Smoot 
and Pierson, 1998a; Norwood and Gilmour,  2001; Gorski et al., 2003; Stepanovic, 
Cirkovic, Mijac, and Svabic-Vlahovic, 2003; Ells and Hansen, 2006; Mai and Conner, 
2007; Rode et al., 2007; Xu, Lee, and Ahn, 2010). 
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Salmonella was be selected in this study because these bacteria are one of the 
most important foodborne pathogens. More than 95% of cases of infections caused by 
these bacteria are foodborne and these infections account for about 30% of death 
resulting from foodborne illnesses (Hohmann, 2001). Among approximately 3,000 
Salmonella serovars, the Gram-negative S. Typhimurium is the most frequently 
isolated serotype, which accounts for about 35% of reported human isolates (Wilmes-
Riesenberg et al., 1996). Several studies have reported the attachment and formation 
of biofilm by S. Typhimurium on various surfaces (Austin, Sanders, Kay, and 
Collinson, 1998; Sinde and Carballo, 2000; Joseph et al., 2001; Rode et al., 2007). 
However, there is still limited available information on the influence of growth 
conditions on the attachment of S. Typhimurium. Therefore, in this study the effect of 
food-related stress factors, namely temperature and pH, on biofilm formation 
capability of S. Typhimurium was kinetically enumerated by plate count method. 
Bacterial attachment on stainless steel and plastic surfaces will be compared in this 
study because these are the most commonly used materials in food industry and in 
household. Any changes in cell surface hydrophobicity, which may directly influence 
cell attachment, was determined by Microbial Adherence to Solvent (MATS). Last 
but not least, the sensitivity of biofilm formed under stress conditions to various 
sanitizers was investigated. Environmental stress factors such as temperature and pH 
may affect the susceptibility of sessile cells to disinfectants (Belessi, Gounadaki, 
Psomas, and Skandamis, 2011). Understanding the resistance or sensitivity of biofilm 
formed under various conditions could assist in assessment of the risk posed by 




Chapter II – Literature review 
A. Mechanism of microbial attachment 
1. The bacterial cell envelope 
The cell surface consists of the outermost structures of the cell, and thus has 
great influence on adherence (Van Houdt and Michiels, 2010). Although the cell wall 
is considered as part of the cell envelope, it does not normally contact the attachment 
surface in a natural system. Rather, various components of the envelope (surface-
active polymers), which will be discussed here, are anchored to the cell in such a way 
that they provide a bridge to the surface (Frank, 2001). 
Capsules are the extracellular polymeric substrances (EPS) that are excreted 
by many bacteria, anchored to the cell surface and completely surrounds the cell wall. 
Capsule polymers radiate from the cell and are rarely cross-linked to one another or 
linked by divalent metal ions (Beveridge and Graham, 1991). It has been reported that 
capsule polymers often contain acidic residues such as uronic, hyaluronic, acetic, 
pyruvic, glucoronic and glutamic acids (Sutherland, 1985), which impart a net 
negative charge to the cell surface. These residues bind to metal ions and positively 
charged amino acids and may function to bring nutrients close to the cell (Frank, 
2001). Capsules can be either adhesive or antiadhesive, dependent on density of the 
residues and types of attachment surface. In certain cases, these hydrophilic residues 
can mask hydrophobic components of the cell envelope and hence prevent adhesion 
of the cell to hydrophobic surfaces (Ofek and Doyle, 1994). EPS may enhance or 
reduce biofilm formation, dependent on its structure, relative quantity and charge and 
on the properties of the abiotic surface and surrounding environment (Joseph and 
Wright, 2004; Ryu, Kim, and Beuchat, 2004; Schembri, Blom, K.A., and Klemm, 
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2005). Furthermore, EPS play a role not only in biofilm formation but also in the 
increased resistance of biofilm to sanitizing, which will be discussed further in 
Section C. 
Flagella is large complex protein assemblage spanning out from the bacteria 
wall and are considered to be responsible for bacterial motility. Flagella can affect 
adherance and biofilm formation via different mechanisms depending on the type of 
bacterium. First, motility can be necessary to reach the surface by allowing the cell to 
overcome the repulsive forces between cell and surface (Van Houdt and Michiels, 
2010). This mechanism is more important under stagnant than under flow conditions. 
In addition, motility can be required to move along the surface, thereby facilitating 
growth and spread of a developing biofilm. The flagella themselves can also directly 
mediate attachment to surfaces. Decreased attachment and colonization to various 
surfaces including plant seeeds, sand and potato roots were observed for the mutants 
lacking flagella of Pseudomonas fluorescens (De Weger, van der Vlugt, Wijfjes, 
Bakker, Schippers, and Lugtenberg, 1987; Deflaun, Tanzer, McAteer, Marshall, and 
Levy, 1990; Deflaun, Marshall, Kulle, and Levy, 1994). 
Fimbriae are threadlike projections from the cell anchored to the outer 
membrane. Fimbriae can be thick (7-11 nm diameter) or thin (1-4 nm), rigid or 
flexible, and most are 0.5-10 µm in length (Ofek and Doyle, 1994). They are 
composed of repeating protein subunits, with lectin-containing protein at the tip. The 
amino acids of some fimbrae proteins contain numerous nonpolar side chains 
imparting hydrophobicity to the structure (Frank, 2001). Different types of fimbriae 
have been shown to have a critical role in initial stable cell-to-surface attachment and 
affect biofilm formation for E. coli, S. Enteritidis, Kl. Pneumoniae, Aeromonas 
caviae; Pseudomonas aeruginosa (Austinet al., 1998; Pratt and Kolter, 1998; Bechet 
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and Blondeau, 2003; Di Martino, Cafferini, Joly, and Darfeuille-Michaud, 2003; 
Pawar, Rossman, and Chen, 2005; Ryu and Beuchat, 2005; Schembriet al., 2005; 
Giltneret al., 2006; Boyeret al., 2007). 
In addition to these components are the surface active compounds associated 
with the outer membrane such as lipopolysaccharides (LPS), lipoproteins, lipoteichoic 
acid, and lipomannan. The orientation of these molecules (whether the hydrophilic or 
hydrophibic region is exposed to the environment) influences the surface 
hydrophobicity of the cell (Frank, 2001). The LPS outer layer of Gram negative 
bacterial typically consists of a surface exposed O-antigen, a core structure and a lipid 
A moiety that is embedded in the outer membrane lipid bilayer. Most Gram negative 
bacteria have long polysaccharide structural regions of their LPS extending outward 
from the cell (Ofek and Doyle, 1994) producing a hydrophilic effect, whereas some 
Gram positive organisms, such as group A streptococci, have a lipid portion of 
lipoteichoic acid extending away from the cell, resulting in a hydrophobic surface 
(Neu, 1996). Modification of LPS was shown to affect the biofilm formation by 
different mechanisms (Barak, Jahn, Gibson, and Charkowski, 2007). 
2. Mechanism of microbial attachment 
Biofilm formation is generally described as a three-stage process, an initial 
reversible stage followed by a time-dependent irreversible stage, and finally a 
detachment stage. 
a) Physicochemical interactions (Phase 1) 
In the first stage of attachment, the microorganisms are transported to 
attachment surfaces that have been preconditioned with organic and inorganic 
molecules like proteins from milk and meat or charged ions. This process may be 
active by bacterial motility supported by bacterial appendages such as flagella, or 
9 
 
passive by physical forces such as gravity, diffusion or fluid dynamic forces from the 
surrounding fluid phase. Once the microorganisms are adjacent to a surface and 
within the range of interaction forces, a fraction of the cells will resersibly absorb.  
Physical forces associated with the initial attachment include van der Waals forces, 
hydrophobic interactions and electrostatic attraction/repulsion. At large separation 
distances >50 nm, the first forces to become operative are Lifshitz-van der Waals 
forces, generally attractive and long range in character (Busscher, Sjollema, and van 
der Mei, 1990). van der Waals forces result from induced dipole interactions between 
molecules in the colloidal particle and molecules in the substrate. A closer approach is 
mediated by non-specific, macroscopic cell surface properties. At separation distances 
between 10 and 20 nm, a microorganism will experience repulsive electrostatic 
interactions. Electrical double layer forces result from the overlap of counter-ion 
clouds near charged surfaces and the change in free energy as the surfaces are moved 
closer or farther apart. The result is an repulsive force for like-charged surfaces and a 
attractive force for oppositely charged surfaces. Most known microbial strains carry a 
net negative charge, which yields repulsive electrostatic interactions. On the other 
hand, localized positively charged domains on cell surface may also result in 
attractive electrostatic interactions.  However, these localized, positively charged 
domains are only recognizable by the interacting surfaces at even closer approach. 
During this stage, bacteria still show Brownian motion and can be easily removed by 
the fluid shear forces e.g. merely by rinsing (Marshallet al., 1971). 
At this stage, the reversible contact allows the presence of a thin vicinal water 
film between the contacting surfaces. This water film must be removed to allow direct 
contact between bacteria and substratum. The major role of hydrophobicity and 
hydrophobic surface components in bacterial adhesion will probably be its 
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dehydrating effect of this water film, enabling short-range interactions to occur 
(Busscheret al., 1990). In addition, the possession of hydrophobic proteins helps to 
overcome electrostatic repulsion and bridge the gaps between bacteria and attachment 
surfaces (Klotz, 1990). The ability of adhering bacteria to remove the thin vicinal 
water film is highly strain-dependent (Busscheret al., 1990). 
Therefore, the physicochemical properties of the bacterial cell surface, such as 
cell surface hydrophobicity or surface charges, are important in determining the 
adhesion of cells during initial attachment phase (Kumar and Anand, 1998). A 
correlation was observed between the hydrophobicity and microbial adhesion by 
different methods such as bacterial adherence to hydrocarbons (BATH), hydrophobic 
interaction chromatography (HIC) and the salt aggregation test, especially for strongly 
hydrophobic or hydrophilic microorganisms (Mozes and Rouxhet, 1987; Sorongon, 
Bloodgood, and Burchard, 1991). The variations in hydrophobicity due to modes of 
bacterial growth and culture conditions were also observed (Gilbert, Evans, and 
Brown, 1991; Spencely, Dow, and Holah, 1992). 
b) Molecular and cellular interactions (Phase 2) 
The irreversible attachment of cells is the next crucial step in biofilm 
formation. In this stage, molecular reactions between bacterial surface strutures and 
substratum surfaces become predominant, with the assistance of capsules, fimriae or 
pili and slime to overcome repulsive forces and bridge the gaps between bacterial 
surface and attachment surface. (Jones and Isaacson, 1983; Hancock, 1991). The 
appendages make contact with the conditioning layer and stimulate chemical reactions 
such as oxidation and hydration and consolidate the bacteria-surface bond (Garrett, 
Bhakoo, and Zhang, 2008). In irreversible adhesion, various short-range forces are 
involved including dipole-dipole interactions, hydrogen, ionic and covalent bonding 
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and hydrophobic interactions (Kumar and Anand, 1998). The extracellular 
polysaccharides form a bridge between the bacterial cell and the substratum and this 
enables the irreversible attachment association with the surface. These polymers may 
be present on the cell surface before attachment, assisting in this process, or may be 
produced after attachment. Production of such polymers may be controlled by genes 
induced upon the cell’s arrival at a surface (Frank, 2001). At this stage, the removal of 
cells requires much stronger forces such as scrubbing or scapping (Marshallet al., 
1971). 
Microcolony formation proceeds after irreversible attachment given 
appropriate growth conditions. After an initial lag phase, a rapid increase in 
population is observed, which is described as the exponential growth phase. This 
depends on the nature of the environment, both physically and chemically (Garrettet 
al., 2008). The rapid growth occurs at the expense of the nutrients present in the 
conditioning film and the surrounding  fluid environment. This leads to the formation 
of microcolonies, which enlarge and coalesce to form a layer of cells covering the 
surfaces (Kumar and Anand, 1998). During this period, the attached cells also 
produce additional EPS which helps in the anchorage of the cells to the surface and to 
stabilize the colony from the fluctuations of the environment (Characklis and 
Marshall, 1990). In addition, several studies showed that microcolony formation may 
involve recruitment of planktonic cells from the surrounding medium as a result of 
cell-to-cell communication (quorum sensing) (McLean, Whiteley, Stickler, and 
Fuqya, 1997; Pecsiet al., 1999). 
Differential gene expression between the two bacterial states 
(planktonic/sessile) is in part associated with the adhesive needs of the population. 
The production of surface appendages is inhibited in sessile species as motility is 
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restricted and no longer necessary. At the same time, expression of genes that are 
responsible for the production of cell surface proteins and excretion products 
increases. For example, in Pseudomonas aeruginosa, the algC gene is transcribed 
upon attachment, which results in down-regulation of flagellum synthesis and up-
regulation of alg T for the synthesis of alginate, the major component of EPS for this 
species (Davey and O'Toole, 2000).  
If conditions are suitable for sufficient growth and agglomeration, bacterial 
cells continue to attach to the substratum , grow and produce EPS. Finally, this leads 
to the development of organized structure with a single layer or multi-layers of 
loosely packed microcolonies entrapped within the EPS-containing matrices 
(Garrettet al., 2008). The biofilm maturation process is a fairly slow process and 
reaches a few milimeters thick in a matter of days depending on the culture 
conditions. Composition of biofilms can be heterogeneous due to the colonization of 
different microorganisms which don’t necessarily distribute uniformly throughout the 
substratum surface. 
The microorganisms within the biofilm are not uniformly distributed. They 
grow in a matrix-enclosed microcolonies interspersed within highly permeable water 
channels (Garrettet al., 2008). Further increase in the size of biofilm takes place by 
the deposition or attachment of other organic and inorganic solutes and particulate 
matter to the biofilm from the surrounding liquid phase (Kumar and Anand, 1998) 
c) Detachment and dispersal of biofilms 
As the biofilm ages, the attached bacteria, in order to survive and colonize 
new niches, must be able to detach and disperse from the biofilm. In other words, the 
ability to detach under appropriate conditions is an integral part of the survival 
strategy of many microorganisms (Frank, 2001). Detached microorganisms are of 
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concern because they can spread to food and food contact surfaces via aerosol, water 
or surface contact (onto gloves, hands, utensils, etc.). 
Detachment is often a response to starvation. Generally, attached cells will 
change their surface or produce enzymes to break down polysaccharides holding the 
biofilm together, actively releasing surface bacteria for colonisation of fresh 
substrates (Garrettet al., 2008). For example, when Pseudomonas fluorescens is 
attached to a hydrophilic surface (glass), and subject to starvation, cells actively 
detach by becoming more hydrophobic (Delaquis, Caldwell, Lawrence, and 
McCurdy, 1989). Detachment of Pseudomonas aeruginosa, on the other hand, is 
controlled by the production of alginate lyase to hydrolyse the extracellular alginate, 
which increases the biofilm-forming ability of this species (Boyd and Chakrabarty, 
1994). In addition to enzymatic hydrolysis of the binding exopolymer, bacteria can 
reverse the attachment process by changing the orientation of surface-active 
molecules excreted to the cell envelope (Neu, 1996), or change the surface active 
characteristics of their cell envelope by synthesizing new components (Bar-Or, 
Kessel, and Shilo, 1985). 
In addition, daughter cells of attached bacteria may be released from the 
surface upon completion of cell division. This process is related to changes in the cell 
surface associated with the division process (Gilbertet al., 1993). For example, 
Allison and Sutherland (1987) showed that the released daughter cells of attached E. 
coli and P. aeruginosa are more hydrophilic than their attached counterparts. 
B. Attachment surface and environmental factors influencing 
biofilm formation 
Since the cell envelope provides the means by which bacteria interact with 
their environment, it is not surprising that they adapt to changing environments, thus 
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allowing the cell to maintain viability under stress. It has been reported that cells are 
able to respond to adverse conditions by modifications to the cell envelope that not 
only enhance survival but also change the adhesive properties of the cell (Brown and 
Williams, 1985). Neu (1996) reviewed numerous studies that demonstrate the cell’s 
ability to adapt through the production of a variety of surface-active compounds that 
affect adhesion capability. Some of environmental factors affecting cell adhesion and 
biofilm formation include surface and interface properties, temperature, pH, and 
nutrient availability. 
1. Attachment surface 
The properties of the attachment surface play important roles in biofilm 
formation potential together with the bacterial cells. Hence, the choice of material is 
of great importance in designing food contact and processing surfaces because 
properties such as surface roughness, cleanability, disinfectability, wettability 
(determined by hydrophobicity) and vulnerability to wear influence the ability of cells 
to adhere to a particular surface, and thus determining the hygienic status of the 
material (Van Houdt and Michiels, 2010). 
The microtopography of the food-contact surface is also important to favour 
bacterial retention, especially if the surface consists of deep channels or crevices to 
trap bacteria and protect the entrapped bacteria from shear forces of the bulk liquid 
and mechanical cleaning methods (Kumar and Anand, 1998). The attachment of 
bacteria is also influenced by the surface charge and degree of hydrophobicity. 
Surfaces with high free surface energy, such as stainless steel and glass, are more 
hydrophilic. These surfaces generally allow greater bacterial attachment and biofilm 
formation than hydrophobic surfaces such as Teflon, nylon, buna-N rubber and 
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fluorinated polymers. A summary of selected publications on the effect of attachment 
surface on biofilm formation is shown in Table 2-1. 
Table 2-1: The effect of hydrophobicity of attachment surface on biofilm formation. 
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Fletcher and Loeb (1979) investigated the attachment of a marine 
Pseudomonas species to a variety of surfaces and reported that a larger number of 
bacteria were found to be attached to hydrophobic plastics with little or no surface 
charge than hydrophilic negatively charged substrata. Likewise, Sinde and Carballo 
(2000) compared attachment of Salmonella strains and L. monocytogenes to stainless 
steel, rubber and polytetrafluorethylene and reported that bacteria attached in higher 
numbers to the more hydrophobic materials. On the contrary, Flint, Brooks, and 
Bremer (2000) examined the adhesion of thermo-resistant streptococci to different 
substrates (glass, aluminium, stainless steel, zinc and copper) and observed that rate 
of adhesion was enhanced in the presence of a  hydrophilic substrate, negative 
electrostatic forces and/or the presence of an oxide coat. In other studies, Meyer 
(2001) and Rogers, Dowsett, Dennis, Lee, and Keevil (1994) compared biofilm 
formation on different materials for Legionella pneumophilia and reported that the 
capacity to support biofilm growth increased from glass, stainless steel, 
polypropylene, chlorinated PVC, unplasticized PVC, mild steel, polyethylene, 
ethylene-propylene to latex. Smoot and Pierson (1998a,b) compared the attachment of 
L. monocytogenes Scott A to buna-N rubber and stainless steel under different 
temperatures (10-45 °C) and pH (4-9), and concluded that attachment of the strain to 
stainless steel was greater than to rubber under all conditions tested. Chia, Goulter, 
McMeekin, Dykes, and Fegan (2009), on the other hand, suggested that 
hydrophobicity and surface roughness of the materials investigated, including 
stainless steel, Teflon, glass, buna-N rubber and polyurethan did not influence the 
attachment of Salmonella serovars. 
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Such contradictory conclusions suggest that the effect of surface charge and 
hydrophobicity of the substratum on bacterial attachment remains ambiguous and may 
be dependent on strains and species. 
2. Effect of temperature 
General predictions for the degree of biofilm formation on a particular 
material cannot be made because the biofilm-supporting capacity of any material also 
depends on bacteria and on environmental factors (Van Houdt and Michiels, 2010). 
Any characterization of bacterial adhesion or definition of a cell’s surface properties 
is only meaningful in the context of a specific growth environment (Brown and 
Williams, 1985). 
Temperature is one of the important factors that affect biofilm formation. 
Nutrient metabolism is directly associated with and dependent on the presence of 
enzymes, which reaction rates are controlled by temperature. Since the formation of a 
biofilm is dependent on the presence and reaction rates of enzymes, which control the 
development of many physiological and biochemical systems of bacteria, it is fair to 
say that temperature has a bearing on the development of biofilm (Garrettet al., 2008). 
Generally, optimum temperatures result in a healthy growth of bacterial population 
and conversely, temperatures away from the optimum reduce bacterial growth 
efficiency. This is due to a reduction in bacterial enzyme reaction rates. However, the 
temperature that is optimum for cell growth might not be optimum for cell adhesion 
because, in addition to enzymes, temperature affects the physical properties of the 
compounds within and surrounding the cells. 
The effect of temperature on attachment of Listeria spp. has been widely 
studied, although inconclusive results were reported (Table 2-2). It was reported that 
the attachment of L. monocytogenes was greatly affected by growth temperatures, 
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where the attachment on stainless steel and Buna-N rubber at 10 °C, 30 °C and 45 °C 
increased with increasing temperature (Smoot and Pierson, 1998a). Norwood and 
Gilmour (2001), on the other hand, reported that L. monocytogenes adhered in greater 
number on stainless steel at 18 °C than at 4 °C and 30 °C. It was proposed by these 
authors that L.monocytogenes adhered better at 18 °C because these bacteria produced 
extracellular polymeric substances at 21 °C but not at 10 °C or 35 °C (Herald and 
Zottola, 1988a) and possessed numerous flagella at 20 °C, but very few at 37 °C 
(Peel, Donachie, and Shaw, 1988).  
Table 2-1: The effect of temperature on biofilm formation. 
Species Temperature Finding Reference 
Listeria 
monocytogenes 
10, 30 and 45 oC Attachment increased with 
increasing temperatures. 










10, 20, 30 and 37 
°C 
Attachment was highest at 
20 and 30 °C 
Gorskiet al. (2003) 
Salmonella spp. 22, 30 and 37 °C Highest quantity of biofilm 
was formed at 30 °C 




4, 20, 30, 37, and 
42 °C 
Attachment increased with 
increasing temperatures, 
except at 42 °C 




20, 25, 30, 37, 
42, 46, 48 °C 
Biofilm formation was 
enhanced at temperatures 
suboptimal for growth (25-
30 °C or 42-48 °C). 
Rodeet al. (2007) 
However, Mai and Conner (2007) measured the attachment of L. 
monocytogenes to austenitic stainless steel No. 4 with satin finish in the range of 4 to 
42 °C and observed that the number of attached cells increased with increasing 
temperature, with the exception of 42 °C. The authors proposed that the differences in 
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attachment might be attributed to the differences in hydrophobicity and cell surface 
charge at different temperatures. 
Studies on the attachment of Listeria spp. to biotic material and the influence 
of temperature were also reported. Gorski et al. (2003) tested the ability of L. 
monocytogenes to attach to freshly cut radish tissue at 10, 20, 30 and 37 °C and and 
observed that the attachment at 20 and 30 °C was highest, followed by attachment at 
10 °C and then 37 °C. The low attachment at 37 °C was attributed to temperture-
regulated physiological changes such as down-regulation of motility and flagellar 
biosynthesis (Gorski et al., 2003). In addition, the authors suggested that L. 
monocytogenes might use different attachment factors at different temperatures and 
that temperature should be considered an important variable in studies of the 
molecular mechanisms of Listeria fitness in complex environments.  
The effect of temperature on attachment of other species was reported to a 
lesser extent. Rode et al. (2007) studied biofilm formation of S. aureus strains under 
different stress conditions (temperature, sodium chloride, glucose and ethanol) and 
showed that biofilm formation pattern of ten S. aureus strains varied highly with 
different combinations of temperature and glucose and NaCl concentrations. 
Apparently, temperatures suboptimal for growth (25-30 °C or 42-48 °C) increased the 
production of biofilm (Table 2-2). Although the mechanism behind was unknown, the 
results showed temperature and osmolarity affected the expression of several biofilm 
associated genes (for example, icaA and rbf) but no clear expression patterns 
emerged. Stepanovic et al. (2003) investigated biofilm formation of 30 strains of 
Salmonella spp. at 22, 30 and 37 °C, and reported that the highest quantity of biofilm 
was formed at 30°C after 24 h incubation and at 22 °C after 48 h incubation (Table 2-
2). The authors proposed that production of thin aggregative fimbriae at 28 °C 
20 
 
explained increased biofilm production at 30 °C (Romling, Bian, Hammar, and 
Sierralta, 1998; Gerstel and Romling, 2001). 
Although there is a significant number of studies attempting to describe the 
effect of temperature on bacterial attachment, the results are still inconclusive. Even 
for the same bacteria such as L. monocytogenes, the conclusions among different 
studies are contradictory regarding whether attachment was enhanced with increasing 
temperature (Smoot and Pierson, 1998a; Norwood and Gilmour, 2001; Gorski et al., 
2003; Mai and Conner, 2007). The variation in other growth factors such as 
attachment surface or incubation time may contribute to such contrary and therefore 
were included in this study in order to achieve a more comprehensive view on the 
effect of temperature on biofilm formation. 
3. Effect of pH 
Changes in pH can have a marked effect on bacterial growth and therefore 
extreme pH is frequently exploited in the production of detergents and disinfectants 
used to kill bacteria. Bacteria posess membrane-bound proton pumps which expel 
protons from the cytoplasm to generate a trans-membrane electrochemical gradient, 
i.e. the proton motor force. The passive influx of protons in response to the proton 
motive force induces the cells to attempt to regulate their cytoplasmic pH. Large 
variations in external pH can overwhelm such mechanisms and have a biocidal effect 
on the microorganisms (Garrett et al., 2008). 
Bacteria are able to adapt to changes in internal and external pH by adjusting 
the activity and synthesis of proteins associated with many different cellular 
processes, including cell adhesion. Production of adaptive proteins may lead to 
enhanced or reduced cell adhesion ability. In addition, production of extracellular 
polysaccharides, which play an important role in anchorage and immobilizing 
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bacterial cells on the surface, is dependent on environmental pH. Optimum pH for 
polysaccharide production depends on individual species, but it is around pH 7 for 
most bacteria (Garrett et al., 2008). A summary of selective publications on the effect 
of pH on biofilm formation is shown in Table 2-3. 
Table 2-2: The effect of pH on biofilm formation. 
Species pH Finding Reference 
L. monocytogenes pH 5 and 7 Adhesion ability was 




S. aureus Unpublished Biofilm formation was 




by Rode et al. 
(2007) 
L. monocytogenes, Serratia 
liquefaciens, Shigella 
boydii, S. aureus, S. 
Enteritidis, and Bacillus 
cereus 
pH 6 and 7 Biofilm formation was 
better at pH 6. 
Xu et al. (2010) 
It was reported that Pseudomonas fragi showed maximum adhesion to 
stainless steel sturfaces at the pH range of 7 to 8, optimal for its cell metabolism 
(Stanley, 1983), while Rode et al. (2007) mentioned that their preliminary 
unpublished data showed that biofilm formation was induced at acidic conditions 
although the tested pH values were not disclosed. Xu et al. (2010) evaluated biofilm-
forming capability of strains of L. monocytogenes, Serratia liquefaciens, Shigella 
boydii, S. aureus, S. Enteritidis, and Bacillus cereus under pH 6 and pH 7 at 37 °C 
and found that all strains showed greater capability to form biofilms at pH 6 after 36 h 
than pH 7. The authors observed different protein profiles, suggesting that some 
proteins might be up- or down- regulated in the process of biofilm formation. 
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Similarly, Tresse, Lebret, Benezech, and Faille (2006) evaluated the adhesion 
capability of L. monocytogenes strains under acidic growth conditions using 
polystyrene-microtitre plate assay. The authors found that cultivation at pH 5 
significantly reduced the adhesion capability of all the strains and the cell surface was 
significantly less hydrophobic at pH 5 than at pH 7. In addition, the analyses of 
surface protein composition reavelaed that the flagellin was downregulated at pH 5 
for all strains. Thus, the authors concluded that the reduced adhesion ability of L. 
monocytogenes at pH 5 was due to the reduction in hydrophobicity and the 
downregulation of flagellin. 
In comparison to temperature, there was much less information available on 
the effect of pH on biofilm development. The results were also inconsistent with some 
studies which reported that acidic conditions enhanced attachment while the others 
demonstrated the opposite. In addition, similar to the case of temperature effect, other 
growth factors such as attachment surface and incubation time may vary among 
studies and hence, lead to incomparable result. In order to obtain a more complete 
understanding, multiple growth factors should be taken into account. 
4. Other factors 
Microbial attachment is a complicated process that is not only affected by 
temperature and pH, but also by other components present in the environment. For 
example, nutrient availability can influence the ability of L. monocytogenes to adhere 
to polyvinyl chloride, Buna-N rubber, and stainless steel by alteration of bacterial 
surface physicochemical properties like hydrophobicity/hydrophilicity and surface 
charge (Briandet, Meylheue, Maher, and Bellon-Fontaine, 1999; Norwood and 
Gilmour, 1999; Moltz and Martin, 2005). Rode et al. (2007) showed that the 
combined presence of sodium chloride and glucose enhanced the biofilm formation of 
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S. aureus. On the other hand, attachment of E. coli O157:H7 on stainless steel in the 
presence of different carbon sources: glucose, glycerol, lactose, mannose, succinic 
acid, sodium pyruvate or lactic acid was investigated (Dewanti and Wong, 1995). It 
was found that, regardless of the carbon source, the biofilm of E. coli O157:H7 was 
developed faster and a higher number of adherent cells were recovered when the 
organisms were grown in the low nutrient media (Dewanti and Wong, 1995). In 
addition, Dewanti and Wong (1995) found that biofilms were developed in a minimal 
salts medium which consisted of shorter bacterial cells and thicker EPS. In another 
study, Furukawa, Akiyoshi, O'Toole, Ogihara, and Morinaga (2010) invesigated the 
effects of food additives on biofilm formation by several strains of pathogen, 
including E. coli K-12, P. aeruginosa, L. monocytogenes, S. aureus and found that 
sugar fatty acid esters showed significant anti-biofilm activity, with activity increased 
with increasing chain length of the fatty acid residues. 
C. Sanitizer resistance of biofilm 
1. Mechanism of resistance of biofilm to sanitizers 
Attached cells often behave differently than their free-living counterparts. 
Attachment may increase resistance to inactivation treatments, stimulate exopolymer 
production, and alter metabolism. These effects are of significance to food safety 
because pathogens attached to food contact surfaces and food tissues are more 
difficult to inactivate; exopolymer production makes pathogen more difficult to 
remove; and altered metabolism may influence spoilage rate, which pose additional 
risks to food safety and cross-contamination. 
Increased resistance of bacterial biofilms to sanitizer treatments in comparison 
to planktonic cells grown in suspension has been well established (Jeyasejaran, 
Karunasagar, and Karunasagar, 2000; Joseph et al., 2001; Chavant et al., 2004; 
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Kubota, Senda, Tokuda, Uchiyama, and Nomura, 2009; Belessi et al., 2011). This 
resistance has been widely observed and is attributed to the varied properties 
associated with the biofilm including: reduced diffusion, physiological changes due to 
reduced growth rates and the production of enzymes degrading antimicrobial 
substances. One of the important characteristics of biofilm contributing to its 
increased resistance is the presence of an extracellular polysaccharide matrix 
embedded with the component cells. This EPS matrix may act as a diffusion barrier, 
molecular sieve and adsorbent (Boyd and Chakrabarty, 1995). The EPS may protect 
the inner cells by binding with antimicrobial substances and prevent their diffusion 
through the biofilm matrix and thereyby quenching their effects. Therefore, the 
antimicrobial resistance exhibited by the biofilm is related to this 3-dimensional 
structure and the resistance is lost as soon as this structure is disrupted (Hoyle, Jass, 
and Costerton, 1990). 
However, there may be other mechanisms involved in the resistance of biofilm 
besides the protection of EPS matrix. Kubota et al. (2009) demonstrated that the 
Lactobacillus plantarum cells in biofilms maintained their resistance to acetic acid 
even after they were suspended (i.e. the protection effect of EPS was eliminated) or 
the cell suspension was diluted. The authors suggested that not only the structure of 
the biofilms but also the individual cells in the biofilms have an effect on the 
enhancement of acid resistance. The bacteria within the biofilm may exhibit a varied 
physiological pattern and oxygen gradients across the biofilm (Kumar and Anand, 
1998). The cells within the biofilm receive less oxygen and few nutrients than those 
cells at the biofilm surface (Brown, Allison, and Gilbert, 1988). Moreover, thick 
biofilms may be formed in cases of serious biofouling and include metabolically 
dormant and/or dead cells. This state of bacterial cells in biofilm may have a modified 
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growth rate and physiology, which result in an increased resistance to sanitizers. 
Therefore, it is difficult to establish any single mechanism that induces the resistance; 
rather, the combined mechanisms create the resistant populations. 
2. Factors affecting the sensitivity of biofilms to sanitizers 
a) Age of biofilm 
Age of biofilm is an important factor that influences its resistance against 
various disinfectants (Table 2-4). It has been a general consensus that bacteria in 
biofilm show increased survival after exposure to antimicrobials with increasing age 
of biofilm (Moretro, Heir, Nesse, Vestby, and Langsrud, 2011). Ramesh, Joseph, 
Carr, Douglass, and Wheaton (2002) observed that a quaternary ammonium 
compound was less effective against 4-day-old biofilms of different Salmonella 
serovars (0.38 log10 reduction) as compared to 3-day-old biofilms (2.52 log10 
reduction).  Korber, Choi, Wolfaardt, Ingham, and Caldwell (1997) obtained similar 
results where exposure to trisodium phosphate inactivated all the cells in 48-h S. 
Enteritidis biofilms while about 2% of viable cells were found for 72-h biofilms. In 
another study, the individual or combined effects of various sanitizers on survival of 
6-h, 1-day and 7-day L. monocytogenes biofilms were investigated and the authors 
(Chavant et al., 2004) observed an increased resistance against quaternary ammonium 
compound of 7-day biofilm (less than 40% mortality) in comparison with 6-h and 1-
day biofilms (about 98% mortality). Likewise, Belessi et al. (2011) studied the 
resistance of L. monocytogenes biofilms formed under food processing conditions 
against various sanitizing agents and reported that the survival rates of 8-day and 12-
day biofilms (~2 log10 reduction) were significantly higher compared to 4-day (3 - 4 
log10 reduction). Thereofore, these results suggest that age of biofilm is an important 

































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































b) Growth condition 
Growth conditions such as pH, water activity, temperature and nutrient composition may 
also affect susceptibility to sessile cells to sanitizers. However, to my knowledge, there was only 
one publication investigating the effect of temperature and pH on biofilm resistance (Table 2-4). 
Belessi et al. (2011) investigated the resistance of L. monocytogenes biofilms formed under food 
processing conditions against various sanitizing agents namely, peroxyacetic acid, chlorine, and 
quaternar ammonium compound.  They found that biofilms formed at 20 °C were more resistant 
to peroxyacetic acid than those formed at 5 °C. Sodium chloride concentration in the growth 
medium had no marked impact on the resistance to peroxyacetic acid. The authors also reported 
that biofilm of acid adapted cells in tryptic soy broth supplemented with 0.6% yeast extract of pH 
5.0 was more resistant to all the sanitizers in comparison to biofilms formed under other 
conditions. 
c) Surface material 
The surface material where the biofilm is attached to is also an important factor.  A 
summary of selective publications reporting the effect of attachment surface on biofilm resistance 
is shown in Table 2-4. Joseph et al. (2001) exposed biofilms of S. Weltevreden grown on plastic, 
cement and stainless steel to different levels of hypochlorite for varying exposure times and 
observed that, to obtain a complete reduction, hypochlorite solution (100 ppm available chlorine) 
had to be used for 20 min on plastic (>7 log10 reduction) and cement (>6 log10 reduction) or for 
15 min on steel (>5 log10 reduction). In another study, Ronner and Wong (1993) exposed two-day 
old biofilms of S. Typhimurium to two different disinfectants, namely a disinfectant containing 
chlorine and an anionic acid-based disinfectant, and reported that there was considerably less 
reduction of biofilm on Buna-N-rubber (1.5 - 2 log10)  compared to on stainless steel (4 - 5 log10). 
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The authors suggested that the porous nature of rubber may reduce the efficiency or the 
bacteriostatic properties of the rubber may have altered the physiological state of Salmonella, 
making them more tolerant to disinfectants (Ronner and Wong, 1993). Karunasagar, Otta, and 
Karunasagar (1996) compared the resistance of Vibrio harveyi biofilm formed on cement slab, 
high density polyethylene (HDPE) plastic and steel coupons to different levels of chlorine and 
observed maximum resistance of biofilm on cement slab (2 - 3 log10), followed by plastic (>7 
log10) and steel (>7 log10). Likewise, the effectiveness of hypochlorite and iodophor on biofilms 
of L. monocytogenes formed on stainless steel and plastic (HDPE) was studied and the authors 
(Jeyasejaran et al., 2000) reported that there was a 3 to 4 log10 reduction in counts on the stainless 
steel surfaces, while on plastic surfaces, the reduction was 1 to 2 log cycles. 
d) Sanitizers 
The sensitivity of biofilm to disinfecting agents is influenced, of course, by the efficacy of 
the agents themselves. Since the best disinfectants for planktonic cells are not necessarily the 
suitable ones for biofilm cells, choice of appropriate sanitizers and disinfectants to effectively 
eliminate biofilms remains a challenge. Several researches have attempted to compare the 
efficiency of different sanitizing agents (Table 2-4). Ramesh et al. (2002) evaluated the efficiency 
of 12 commercial disinfectants (1 sodium hypochlorite-based, 1 enzyme-based, 3 sodium 
chlorite-based, 5 QAC-based, 1 iodine-based and 1 phenol-based sanitizers) against Salmonella 
biofilm on galvanised steel and found that two of the disinfectants, one containing sodium 
hypochlorite (0.5 g/l) and the other a sodium chlorite and an alkaline peroxide compound were 
able to eliminate S. Typhimurium, S. Thompson, S. Berta, S. Hadar and S. Johannesburg biofilms. 
These compounds reduced more than 7 log10 within 2 min. In addition, the authors observed that 
quaternary ammonia compounds (QACs) were less effective with only 1-3 log10 reductions. In 
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one study, the effect of nine commercial disinfectants (3 cationic tensides-based, 1 aldehyde-
based, 3 peroxygen-based, 1 alcohol-based, and 1 acid-based disinfectants) at recommended user-
concentrations against two-day old biofilm of S. Agona and S. Senftenberg grown on strainless 
steel were compared(Moretro et al., 2009). After 5-min treatment, no surviving bacteria (>4 log10 
reduction) were observed upon exposure to 70% ethanol, as well as the three peroxygen based 
agents. The effect of tenside based agents was intermediate (1.5 - 4 log10) while chlorine and a 
disinfectant containing both glutaraldehyde and ethanol appeared not quite effective with only 
0.5-1 log10 reduction. Wong et al. (2010) tested six different compounds (sodium hypochlorite, 
citric acid, benzalkonium chloride, a QAC based disinfectant, chlohexidine gluconate and 
ethanol) against 3-day old S. Typhimurium biofilms. It was observed that at 1 min exposure, only 
sodium hypochlorite caused more than 7 log10 reduction at the concentration of 1.31 g/l, although 
higher doses (26.3 and 56.5 g/l) were not as effective. At 5 min exposure, citric acid (32 g/l) and 
sodium hypochlorite were effective at recommended user concentrations (7.5 g/l and 23/5 g/l, 
respectively). Chlorhexidine gluconate (1-50 mg/l) and ethanol (70%) failed to eliminate the 
bacteria. 
Additional factors such as test strains/serovars, the number of bacteria in the biofilm, 
temperature, pH, the concentration and volume of the agent and the exposure time influence the 
efficiency. Due to all these variations in the available publications, it is difficult to compare the 
results from different experiments and draw conclusions regarding the efficacy of different 
compounds and provide recommendations as to which disinfectants for biofilm elimination. 
D. Chemical methods for controlling biofilm 
Generally, an effective cleaning and sanitation programme should be included in the 
process from the very beginning and should inhibit accumulation of particulates and bacterial 
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cells on equipment surfaces as well as subsequent biofilm formation (Kumar and Anand, 1998). 
An inappropriate cleaning strategy would lead to biofilm formation and increase the biotransfer 
and cross-contamination potential. Removal of biofilms is one of the most persistent challenges 
within the food and industrial environments. The strategies that may be adopted to eliminate 
biofilms in the industry include physical, biological and chemical methods. The traditional 
physical methods are the use of heat treatment or mechanical tools such as brusing and scrubbing. 
Modern physical methods for the control of biofilms include super-high magnetic fields, high 
pulsed electrical fields with or without organic acids, low electrical fields with or without 
biocides (Hamilton and Sale, 1967; Davis, Weinberg, Anderson, Rao, and Warren, 1989; Jeng, 
Lin, and Harvey, 1990; Okuno, Tsuchiya, Ano, and Shoda, 1993; Liu, Yousef, and Chism, 1997). 
On the other hand, a biological strategy for the control of biofilm formation includes the 
adsorption of bioactive compounds like bacteriocins such as nisin or enzymes onto food-contact 
surfaces for the inhibition of adhesion of bacteria (Tagg, Dajani, and Wannaker, 1976; Kumar 
and Anand, 1998).  
Chemical method to control biofilm is a popular approach in food processing and food 
service operations due to its cost effectiveness and high efficiency and therefore, was employed 
in this study to compare the resistance of biofilm formed under various conditions. In general, the 
efficiency of disinfection is influenced by pH, temperature, concentration, contact time and 
interfering organic substances like food and dirt (Hollah, 1992). Because chemical sanitizers lack 
penetration ability, cleaning agents like detergents and enzymes or mechanical cleaning are 
frequently combined with disinfectants to synergistically enhance disinfection efficiency. 
Breakage of the EPS matrix is essential for successful biofilm control as the matrix protects the 
microorganisms with decreased effects of detergents or sanitizers. When no mechanical treatment 
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is given, the disinfectants leave the slime intact, which may favour biofilm buildup in crevices 
and seams, etc. after cleaning (Kumar and Anand, 1998). 
A wide variety of sanitizers available in the food industry includes chlorine compounds 
(such as liquid chlorine, hypochlorites, chlorine dioxide, etc.), iodine compounds, bromide 
compounds, quaternary ammonium compounds, organic acids (such as acetic, peroxyacetic, 
lactic, propionic and formic acid), peroxy acid, mixed peroxy acid-organic acid, hydrogen 
peroxide, ozone, etc. Three types of sanitizers are selected in this study, namely chlorine 
compound, quaternary ammonium compound and mixed peroxy/organic acids sanitizers. 
1. Chlorine compound 
Chlorine compounds commonly used as sanitizers in the food industry include liquid 
chlorine, hypochlorites, inorganic and organic chloramines, and chlorine dioxide. Chlorine 
sanitizers are active against a wide spectrum of microorganisms, including viruses, non-acid-fast 
vegetative bacteria, acid fast bacilli, bacterial spores, fungi, algae, and protozoa, with bacterial 
spores being the most resistant (Fan, Niemira, Doona, Feeherry, and Gravani, 2009). When 
elemental chlorine or hypochlorites are added to water, they undergo the following reactions to 
form the antimicrobial form, hypochlorous acid, HOCl, which will dissociate in water to form a 
hydrogen ion (H+) and a hypochlorite ion (ClO-) (Marriott and Gravani, 2006): 
Cl2 + H2O à HClO + H+ + Cl- 
NaOCl + H2O à NaOH + HClO 
HOCl à H+ + ClO- 
The term free available chlorine consists of chlorine gas (Cl2), hypochlorous acid (HOCl), 
or hypochlorite ions (ClO-). Hypochlorous acid is 80 times more effective as a sanitizing agent 
than an equivalent concentration of hypochlorite ion. The amount of HOCl is dependent on the 
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equilibrium between HOCl and ClO-, which is maintained even when HOCl is constantly 
consumed through its antimicrobial activity. The dissociation of HOCl also depends on the pH of 
the solution. A lower pH enhances HOCl formation but stability decreases. However, as the pH 
decreases below 4.0, increasing amounts of toxic and corrosive chlorine gas are formed. At a pH 
higher than 5, chlorine compounds become less effective because  the hypochlorite ion, which is 
not as effective as a bactericide as hypochlorous acid, predominates. 
Chlorine compounds are temperature tolerant, however, the available chlorine reacts with 
and is inactivated by residual organic matter. In addition, chlorine solution is not stable and only 
freshly prepared solutions should be used. Storage of used solutions may result in a decline in 
strength and activity. 
Although it is accepted that hypochlorous acid is the main active ingredient, its mode of 
action has not been fully understood. These compounds appear to act through protein 
denaturation and enzyme inactivation. It is thought that HOCl allows oxygen to emerge, which in 
turn supposedly combines with components of cell protoplasm, destroying the organisms (Fan et 
al., 2009). In addition, this active compound may kill the microbial cell thourgh inhibiting 
glucose oxidation by chlorine-oxidizing sulfhydryl groups of certain enzymes important in 
carbohydrate metabolism, such as aldolase. Uptake of free chlorine by vegetative cells also 
causes destructive permeability changes in the microbial cell membrane, leading to impairments 
of the cell membrane function, especially transport of extracellular nutrients. Chlorine-releasing 
compounds are known to stimulate spore germination and subsequently to inactivate the 
germinated spore. Marriott and Gravani (2006) summarized other modes of chlorine action that 
have been proposed: (1) disruption of protein synthesis; (2) oxidative decarboxylation of amino 
acids to nitrites and aldehydes; (3) reactions with nucleic acids, purines, and pyrimidines; (4) 
unbalanced metabolism after destruction of key enzymes; (5) induction of deoxyribonycleic acid 
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(DNA) lesions with the accompanying loss of DNA-transforming ability; (6) inhibition of oxygen 
uptake and oxidative phosphorylation, coupled with leakage of some macromolecules; (7) 
formation of toxic N-chloro derivatives of cytosine; and (8) creation of chromosomal aberrations. 
2. Quaternary ammonium compounds 
Quaternary ammonium compounds (also known as, quats) are ammonium compounds in 
which four organic groups are linked to a nitrogen atom that produces a positively charged ion of 
the structure NR4+. In these quaternary ammonium compounds, the organic radical is the cation, 
and chlorine or bromine is usually the anion. Quats are natural wetting agents with built-in 
detergent properties and therefore are referred to as synthetic surface-active agents. Typical types 
of quaternary ammonium compounds include: (1) the alkyl or hydroxyl substituted quats; (2) the 
non-halogenated benzyl substituted quats; (3) the di- and tri-chlorobenzyl substituted quats; (4) 
quats with unusual substitutes, such as charged heterocyclic compounds. 
In comparison to chlorine sanitizers, quaternary ammonium compounds are good 
penetrants with longer shelf-life and are more stable in the presence of organic matter, although 
their bacterocidal effectiveness is still impaired by the presence of organic matter. Quat sanitizers 
are generally more effective in the alkaline pH range. However, the effect of pH may vary with 
bacterial species with Gram-negative bacteria being more susceptible to quats in the acid pH 
range and Gram-positive microbes in the alkaline range (Fan et al., 2009).  
The mechanism of germicidal action of quaternary ammonium compounds is not fully 
determined but it has been proposed that, due to the surface active nature, the quat ions surround 
and bind to the cell’s outer membrane, causing a failure of the cell wall, which consequently 
causes leakage of the internal organelles and enzyme inhibition (Fan et al., 2009). After being 
applied to surfaces, the quats  form a residual antimicrobial film, which is selectively effective 
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against different types of microorganisms. They do not kill bacterial spores but can inhibit their 
growth. Quats also have limited effectiveness against bacteriophage, most Gram-negative 
microorganisms, except for Salmonella and E. coli. 
3. Mixed peroxy/organic acids sanitizers 
The mixed peroxy acid/organic acid sanitizers are a type of peroxy acid-based sanitizers, 
which composition is based on the synergistic combination of organic acids and the original 
peroxyacetic acid. 
Organic acids which are approved by FDA as GRAS (gernerally recognized as safe), are 
frequently used to combine the rinsing and sanitizing steps. The acid neutralizes excess alkalinity 
that remains from the cleaning compound, prevents formation of alkaline deposits, and sanitizers. 
Common types of organic acids used in the food industry include acetic, peroxyacetic, lactic, 
propionic, and formic acids. In order for an organic acid to destroy the microbes it must be used 
at or below the dissociation constant,  which is usually between 3 and 5 for most acids and varies 
with the specific acid type. The dissociation constants (or pKa) of most organic acids are between 
3 and 5. Initially, the acids will react with their cell membranes, and penetrate into the cell 
interior. The dissociated  acids will subsequently diffuse, acidify the cell interior, disrupt cellular 
function and consequently destroy the microorgnisms (Marriott and Gravani, 2006). Acid 
treatment is dose-dependent, fast acting and effective against yeast and viruses. They are 
especially effective on stainless steel surfaces and have a high antimicrobial activity against 
psychrotrophic microorganisms. Unlike chlorine sanitizers, organic acids are very stable in the 
presence of organic materials and generally have acceptable odors. A major disadvantage of 
using organic acids is the relatively high cost, because it takes a large amount of acids to adjust 
the system pH especially for high-alkaline or buffered water sources (Fan et al., 2009). 
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Peroxyacetic acid (or peracetic acid) is an organic acid produced by the reaction of acetic 
acid (CH3COOH) with hydrogen peroxide (H2O2), as  shown in the following equation (Fan et 
al., 2009): 
CH3COOH + H2O2 à CH3COOOH + H2O 
The reaction is allowed to equilibrate for several days to achieve the maximum amount of 
peroxy acid. The antimicrobial mechanism of peroxyacetic acid is based on its oxidation activity. 
It has been suggested that this compound oxidizes essential cellular macromolecules, disrupts the 
sulfhydryl and sulfur bonds in proteins, enzymes and other metabolites causing rupture of the 
outer cell walls, and render the microorganisms inactivated or killed (Fan et al., 2009). Unlike 
other organic acids, it is typically not necessary to adjust the pH of the source water to maintain 
the effectiveness of peroxyacetic acid; however, it works best at pH below 8. In addition, 
peroxyacetic acid does not react with organic matter to form toxic compounds like chlorine 
sanitizers do because the breakdown components (hydrogen peroxide, oxygen, acetic acid) are 
generally harmless. 
The mixed peroxy acid/organic acid sanitizers have the same advantages and 
disadvantages as the original peroxy acid compounds, such as being effective against bacteria, 
yeast, and molds over a broad pH range, remaining their activity in cold water, not reacting with 
organic materials and not being sensitive to water hardness (Marriott and Gravani, 2006). These 
acid sanitizers are generally more effective against various yeast and molds than the peroxy acids 
alone (Hilgren and Salverda, 2006). They may be used at lower concentrations to produce the 
same efficacy as the convential peroxy acid compounds alone. These sanitizers have higher 
acidity and consequently are more effective in combining sanitizing with acid rinse, which 
reduces biofilmfilm build-up. 
37 
 
Chapter III – Biofilm formation of Salmonella Typhimurium under different 
temperatures and pHs 
In this chapter, the effect of temperature and pH on biofilm formation capability of S. 
Typhimurium two attachment materials, stainless steel and plastic, was kinetically enumerated by 
plate count method. Cell surface hydrophobicity was then determined by MATS in order to 
elucidate how growth conditions infuence cell attachment. 
A. Materials and methods 
1. Bacterial strains and culture conditions 
Salmonella Typhimurium (ATCC14028, animal tissue isolate) was purchased from the 
American Type Culture Collection (Manassas, VA, USA) and stock culture was maintained at -
80°C. Prior to use, frozen culture was activated in trypticase soy broth (TSB, Oxoid, Hampshire, 
UK) at 37°C with two consecutive transfers after 18-h period. After incubation, the culture was 
centrifuged at 10,000 xg for 10 min at 4°C and washed twice with phosphate buffered saline 
(PBS, pH7.3) solution. Cell suspensions were prepared by adjusting to OD600 = 0.4~0.5, which is 
equivalent to 108 cfu ml-1. 
2. Biofilm formation 
S. Typhimurium biofilm formation was investigated under different pHs (pH 6, acidified 
with 50% w/w acetic acid  or pH 7, non-acidified) and temperatures (28, 37 or 42°C) using the 
coupon methods as described below. The working cell suspension was prepared by diluting the 
standardized cell suspension in TSB pH 6 or 7 to achieve the final concentration of ca. 104 
cfu/ml.  
Acrylic and stainless steel were used to develop the biofilm. Prior to using for biofilm 
formation, the coupons (1 x 2 x 0.2 cm) were soaked in bleach 10% for 15 min, followed by 
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soaking in a detergent (Teepol Multipurpose Detergent, Supply Trade Ltd., Kent, UK) overnight. 
They were then rinsed twice with tap water and finally  rinsed with distilled water. All coupons 
were sterilized at 121°C for 15 min before use to maintain sterilised condition. Every two sterile 
coupons were then transferred to a petri dish filled with 25 ml of working cell suspensions and 
incubated at 28, 37 or 42°C for different testing periods under static condition. After incubation, 
each petri dish was removed from the incubator and attached cells on coupons were enumerated 
as described below. 
3. Enumeration of the attached and planktonic cells 
To enumerate the planktonic cells after each period, one ml of the the cell suspension was 
pipetted from the petri dish, diluted with 0.1% peptone saline water (PSW, 1 g of proteose 
peptone, 8.5 g of NaCl) and plated on trypticase soy agar (TSA, Oxoid) and incubated at 37 °C 
for 24 h. To enumerate attached cells, detachment of attached cells from the coupons was 
performed by the bead vortexing method which is considered the most suitable method for 
removal of attached bacteria (Lindsay and von Holy, 1997). Each coupon bearing attached cells 
was carefully removed from the growth medium with sterile forceps, gently tapping it against the 
side of the petri dish to remove excess liquid droplets and then rinsed twice with sterile PBS to 
remove any loosely attached cells. Each coupon was then transferred to a sterile test tube 
containing 9 ml 0.1% PSW and 20-25 sterile glass beads (diameter 0.4-0.5 mm) and subsequently 
vortexed for 3 min in order to detach the cells from the coupon. After vortexing, the suspension 
was diluted with 0.1% PSW, spiral-plated on TSA  (Don Whitley Scientific Limited, West 
Yorkshire, BD, UK) and incubated at 37 °C for 24 h. After incubation, the colonies were counted 
using the Acolyte Colony Counter (Synbiosis, Frederik, MD, USA). 
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4. Attachment kinetics and biofilm formation index 
In order to elucidate the effects of temperature and pH on biofilm formation, the kinetic 
parameters for adhesion were estimated according to the modified Gompertz equation using 
OriginLab (version 8.5.1., OriginLab Corporation, Massachusetts, USA): 
 
Where Nt is the number of attached cells at time t (log cfu cm-2), Ni is the initial number of 
attached cells at growth phase (log cfu cm-2), C is the total amount of biofilm that formed after 
the first hour (log cfu cm-2), m is the time required to reach the maximum biofilm formation rate 
(h), k is the formation rate at time m (h-1). 
The biofilm index (BI) was calculated by normalizing the numbers of sessile cells with 
the number of planktonic cells at the same point of time. The normalization would eliminate the 
effect of different planktonic growth rate and give a clearer view of biofilm formation ability of 
the bacteria under suboptimal growth conditions. 
 
5. Microbial adherence to solvent (MATS) assay 
After 24-h incubation, the cells were harvested by centrifugation at 10,000 xg for 10 min 
at 4°C and washed twice with 150 mM NaCl. The cell suspension was prepared in 150 mM NaCl 
at a concentration of about 108 cfu/ml (OD600 = 0.4 to 0.5). Then 1.2 ml of the washed cell 
suspension was vortexed for 60 s with 0.2 ml of solvent. The mixture was allowed to stand for 15 
min to ensure that the two phases were completely separated before three aliquots of 300 µl of 
the aqueous phase were removed and the absorbance at 400 nm was measured (Mercier-Bonin et 
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al., 2004). The percentage of cell affinity for each solvent was calculated using the following 
equation 
% affinity = 100 x (1 – A/Ao), 
Where Ao is the absorbance at 400 nm of the cell suspension before mixing and A the absorbance 
after mixing. 
6. Statistical analysis 
All results reported were means of triplicates with the corresponding standard deviation. 
Data were analyzed by descriptive analysis and one-way analysis of variance (ANOVA) using an 
IBM SPSS package (version 19.0; SPSS Inc., IBM, New York, USA). If p value was less than 
0.05, the mean values were significantly different. 
B. Results and discussion 
1. Effect of attachment surface on biofilm formation 
The numbers of attached Salmonella Typhimurium cells increased from 2.98 and 2.65 
log10 at 1 h to the maximum numbers of 7.44 and 6.82 after 8 h of incubation at pH 7 and 37 °C 
for stainless steel and acrylic surfaces, respectively (Figure 3-1).  There was no significant 
difference (p>0.05) in the numbers of cells attached on acrylic coupons from 8 h until the 96 h 
and showed a slight reduction at the end of the experiment. On the other hand, the numbers of 
cell attached to stainless steel remained the same from 8 h until 24 h, reduced about 1 log10 after 
48 h and then the numbers were maintained until 240 h. 
For the first 24 h, it was observed that the numbers of bacteria attached to acrylic surface 
were significantly lower (p<0.05) than to stainless steel surfaces, although the difference was less 
than 1 log10. From 48 h onward, there was no significant difference (p>0.05) in the numbers of 





Figure 3-1: Numbers of bacteria attached to stainless steel and acrylic at pH 7-37 °C. 
The present results indicate that S. Typhimurium had the ability to adhere to both stainless 
steel and acrylic surfaces, with a preference to stainless steel than to acrylic. Based on the contact 
angles, stainless steel was less hydrophobic than acrylic, although it can’t be defined as 
hydrophilic due to the high values of contact angles ranging from 71.16 to 105.6o (Sinde and 
Carballo, 2000; Chia et al., 2009). Our results aggree with those of Chia et al. (2009), who 
reported that adhesion of various Salmonella serovars including S. Typhimurium to stainless steel 
was significantly higher than to rubber and plastic (polyurethane). Helke, Somers, and Wong 
(1993) compared the attachment of S. Typhimurium and L. monocytogenes on stainless steel and 
buna-N rubber and reported that the strains attached in a higher number to a less hydrophobic 
material such as stainless steel. Di Bonaventura et al. (2008) also found that the biofilm of L. 
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monocytogenes was produced at a higher level on stainless steel and glass in comparison to 
polystyrene.  
The number of cells attached to stainless steel surface reduced and eventually reached the 
same cell numbers  as those attached to acrylic surface after 48 h, implying that the biofilm 
formed on stainless steel was dislodged at a faster rate than that on acrylic. This result indicates 
that the properties of attachment surface influence the binding strength of bacteria to the 
substrate. Overall, the present result shows that S. Typhimurium adhered to stainless steel in 
higher numbers in the initial stage, although the strength was weaker and hence, the detachment 
of biofilm occurred at a faster rate. 
2. Effect of temperature and pH on biofilm formation 
Similar kinetics patterns were observed for biofilm formed on stainless steel and acrylic 
surfaces (Figure 3-2). When grown under pH 7-37 °C, pH 7-42 °C and pH 6-42 °C, S. 
Typhimurium showed 2 distinctive phases, adherence and detachment, while no detachment 
phase was observed for other conditions. For stainless steel surface, the numbers of adherent cells 
grown under pH 7-37 °C, pH 7-42 °C and pH 6-42 °C were increased to the maximum numbers 
of 7.44, 7.10, and 6.68 log10 cfu cm-2, respectively, after 8, 6 and 12 h of incubation (Figure 3-
2a). For acrylic surface, the numbers of sessile cells grown under these conditions were increased 
to the maximum counts of 6.82, 7.35, and 6.85 log10 cfu cm-2 after 8, 24 and 24 h of incubation, 
respectively (Figure 3-2b). After reaching the maximum numbers, the numbers of sessile cells 
remained constant until 24 h and decreased to the final numbers of approximately 6.38 and 6.31 
log10 cfu cm-2 (pH 7-37 °C) or below detection limit (pH 7-42 °C and pH 6-42 °C) after 240 h. 
There was a slight reduction in the numbers of sessile cells grown under pH 6-37 °C after 96 h 
(stainless steel) and 168 h (acrylic) although the difference was not statistically significant 
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(p>0.05). On the other hand, no decrease in the numbers of sessile cells was observed at pH 7-28 
°C, and pH 6-28 °C.  These results indicate that the temperature and pH of growth media could 
influence on the rate of cell attachment in the initial stage of attachment (first 14 h), although the 







Figure 3-2: Attachment kinetics of Salmonella Typhimurium to stainless steel (a) and acrylic (b) 





3. Attachment kinetics and biofilm index 
Regardless of pH, the total amount of biofilm formed after the first hour (C) on stainless 
steel were highest for bacteria grown at 28 °C (4.94 and 4.74 log cfu cm-2 for pH 7 and pH 6, 
respectively), followed by 37 °C and 42 °C (Table 3-1). On acrylic surface, the total amount of 
biofilm (C) formed at pH 6 had a similar trend to that on stainless steel, while the value of pH 7 
was not significantly different (p>0.05) at 28 and 42 °C, exhibiting both higher than at 37 °C.  
Growth at pH 6 on stainless steel increased the times (m) required to reach the maximum biofilm 
formation rate (k) by approximately two-fold (for example, 3.18 h at pH 7-37 °C versus 6.11 h at 
pH 6-37 °C), while significantly (p<0.05) decreasing the maximum biofilm formation rate (for 
example, 0.55 h-1 at pH 7-37 °C versus 0.28 h-1 at pH 6-37 °C). These results indicate that the 
condition of pH 6 delayed the attachment process of S. Typhimurium as well as reduced the rate 
of biofilm development on stainless steel. Regardless of pH, among the three temperatures, the 
highest m values were observed at 28 °C (4.62 and 7.43 h at pH 7 and pH 6, respectively). The 
highest biofilm formation rate was 0.62 h-1 at pH 7-42 °C, while the lowest biofilm formation rate 
was 0.18 h-1 at pH 6-28 °C. Similar patterns of attachment kinetics were observed for acrylic 
surface. 
To my knowledge, this is the first study which investigated the effect of temperature on 
attachment kinetics and interestingly, it was observed that the effect of temperatures on biofilm 
formation was dependent on biofilm formation stage: for the exponential stage, the amount of 
biofilm formed at each time point increased with higher temperatures; while an opposite trend 
was observed once the stationary phase had been reached. In other words, the rate of biofilm 
formation increased, while the total amount of biofilm formed (C) decreased with elevated 
temperature. In some published studies, biofilm was usually quantified at a single time point, 
46 
 
such as 3 or 24 h of incubation (Mai and Conner, 2007; Di Bonaventura et al., 2008), which may 
be inadequate to evaluate the complete pattern of biofilm formation at different temperatures. 
Mai and Conner (2007) investigated the attachment of L. monocytogenese after 3 h of incubation 
and reported that the number of attached cells increased with raised temperature. It was reported 
elsewhere (Xu et al., 2010) that L. monocytogenes biofilm did not reach the maximum attached 
cell number after 4 days of incubation at 37°C, which indicated that the number of attached cells 
after 3 h of incubation in the study of Mai and Conner (2007) in fact reflected the rate of biofilm 
formation. In other words, the present result agrees with that of Mai and Conner (2007), both 
suggesting that biofilm formation rate increased with elevated temperature. On the other hand, 
acidity appeared to affect mainly the initial attachment, where biofilm formation rate reduced at 
lower pH. Similar results were reported by Tresse et al. (2006), where the number of L. 
monocytogenes attached after 4 h incubation was lower at pH 5 than pH 7. Smoot and Pierson 
(1998a,b) evaluated the attachment of L. monocytogeneses after 2 h of incubation and also 




Table 3-1: Attachment kinetic parameters† estimated by the modified Gompertz equation under 
different growth conditions§. 





Acrylic Stainless Steel Acrylic 
pH 7-28 °C 4.94 ± 0.06a 4.81 ± 0.04a 4.62 ± 0.14a 5.71 ± 0.10a 0.31 ± 0.02a 0.33 ± 0.01a 
pH 7-37 °C 4.60 ± 0.07b 4.38 ± 0.08b 3.18 ± 0.10b 3.87 ± 0.11b 0.55 ± 0.04b 0.55 ±0.05b 
pH 7-42 °C 4.31 ± 0.09c 4.84 ± 0.08a 3.12 ± 0.12b 3.56 ± 0.13b 0.62 ± 0.07b 0.45 ± 0.04b 
pH 6-28 °C 4.74 ± 0.09b 4.86 ± 0.06a 7.43 ± 0.29c 8.93 ± 0.22c 0.18 ± 0.01c 0.18 ± 0.01c 
pH 6-37 °C 4.58 ± 0.13b,d 4.79 ± 0.10a 6.11 ± 0.30d 7.30 ± 0.25d 0.28 ± 0.03a 0.25 ± 0.02d 
pH 6-42 °C 4.29 ± 0.17c,d 4.57 ± 0.16a,b 6.71 ± 0.34c,d 6.03 ± 0.36a 0.30 ± 0.04a 0.31 ± 0.04a,d 
†The data were expressed as mean ± standard error. The mean value in the same column with the 
same letters are not significantly different (p>0.05). 
§Regression coefficients (R2) were larger than 0.97 for all the adhesion curves. 
C: the total amount of biofilm that formed after the first hour; m: the time required to reach 
maximum biofilm formation rate; k: formation rate at time m. 
 
Biofilm formation is not an isolated phenomenon, but rather continuously influenced by 
the surrounding environment. Planktonic cells in the media may continue to deposit on the 
surface and contribute to the increase of biofilm thickness over time. On the other hand, daughter 
cells of attached bacteria are often released from the surface upon completion of cell division 
(Frank, 2001). These released daughter cells may remain in their planktonic state or reattach to 
the substratum. Therefore, biofilm formation is an equilibrium process between the planktonic 
and sessile states of bacteria. It is well known that temperature and pH influence growth rate of 
planktonic cells. In order to determine whether the observed differences in attachment kinetics as 
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discussed above were due to the variation in planktonic growth rate at different temperatures and 
pH, biofilm indices were evaluated in this study.  
Regardless of attachment surface, the biofilm indices for stainless steel were higher at pH 
7 than at pH 6 (Figure 3-3). For example, at 37 °C after 1 h, biofilm index on stainless steel at pH 
7 was 0.72 which was significantly higher (p<0.05) than that at pH 6 (0.66). Unlike pH, 
temperatures did not affect the capability of biofilm formation during the initial stage of 
attachment (up to 6 h). There was no difference in biofilm indices among all conditions from 8 h 
onward (data not shown).  
Biofilm indexes at pH 6 were significantly different (p<0.05) from those at pH 7, 
suggesting that the differences in the numbers of attached cells between these two pH conditions 
were not dependent on the number of available planktonic cells in the surrounding medium. In 







Figure 3-3: Biofilm formation ability of Salmonella Typhimurium under different conditions on 
stainless steel (a) and acrylic (b). Biofilm index was calculated as the ratio of number of sessile 





4. Effect of temperature and pH on cell hydrophobicity 
The microbial adherence to solvent (MATS) assay is based on the comparison between 
microbial cell affinity for a polar solvent and for a nonpolar solvent by simply measuring the 
fraction of cell removal from the aqueous phase in the presence of these solvents (Bellon-
Fontaine, Rault, and van Oss, 1996). The polar solvent can be an electron acceptor or an electron 
donor, but both solvents must have similar van der Waals surface tension components. Two pairs 
of solvents were used: (1) chloroform, an electron acceptor solvent and hexadecane, a nonpolar 
solvent; (2) ethyl acetate, a strong electron donor solvent, and decane, a nonpolar solvent. 
Differences between the results obtained with each pair of solvents indicated the electron 
donor/electron acceptor nature of the bacteria and thereby revealed the 
hydrophobicity/hydrophilicity (Bellon-Fontaine et al., 1996). 
Under all tested conditions, the highest affinity of S. Typhimurium was observed with 
chloroform, the electron acceptor solvent, indicating an electron-donating nature of the surface of 
S. Typhimurium (basic surface properties) (Figure 3-4). The affinity of the bacterial strain for 
ethyl acetate (the electron donor solvent) was lower than that to chloroform, but still higher than 
that to decane (the associated nonpolar solvent), exhibiting an electron-accepting nature of the 
strain. Thus, S. Typhimurium exhibited both electron-donating and electron-accepting properties, 
however, the former was stronger. Low affinity of the strain to nonpolar solvents (hexadecane 




Figure 3-4: Affinity of Salmonella Typhimurium to solvents with respect to temperature and pH. 
C: Chloroform; HD: Hexadecane; EA: Ethyl acetate; D: Decane. 
The electron-donating and accepting properties were changed in a similar pattern by 
temperature and acidity, with the highest being at pH 6-37°C and pH 7-42°C, followed by pH 6-
28°C, pH 7-28°C and pH 7-37°C, and the lowest being at pH6-42°C. There was no significant 
difference (p<0.05) in cell affinity to nonpolar solvents among all conditions, revealing that the 
hydrophobicity of the cells was not altered by these conditions. 
Bacterial adhesion to surfaces is thought to involve initial non-specific reversible 
interactions including hydrophilic repulsions and hydrophobic attractions, which are principally 
due to Lewis acid-base interactions; the apolar or Lifshitz-van der Waals interactions usually play 
only a minor role (Bellon-Fontaine et al., 1996).  MATS is a useful method to evaluate the 
adhesion ability of microorganisms because the microbial affinity obtained is considered to be the 
result of an interplay of electrostatic, van der Waals and Lewis acid-base interactions, in the same 
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way as microbial adhesion to solid surfaces. Thus, in the absence of electrostatic interactions (by 
using high ionic strength electrolyte solution), the difference observed in microbial adhesion to 
polar and nonpolar solvents can be attributed to favourable or unfavorable acid-base 
intereactions. MATS results in this study exhibited the strong electron-donating (i.e. basic), weak 
electron-accepting (i.e. acidic) and low hydrophobic nature of the strain. Hydrophobicity was not 
significantly different among various conditions. Contrarily, it was reported that hydrophobicity 
of L. monocytogenes increased with increasing temperatures (Chavant et al., 2002; Di 
Bonaventura et al., 2008; Giovannacci, Ermel, Salvat, Vendeuvre, and Bellon-Faontaine, 2000;) 
and increased or decreased at lower pH (Briandet et al., 1999; Bereksi, Gavini, Benezech, and 
Faille, 2002; Smoot and Pierson, 1998a; Tresse, Lebret, Benezech, and Faille, 2006). Such 
differences might be due to the different regulatory attachment mechanisms of S. Typhimurium 
and L. monocytogenes under stress conditions. 
For S. Typhimurium, temperature and pH appeared to influence Lewis acid-base 
interaction of the strain, although the effect did not follow any specific trend. Such changes in 
electron-donating/accepting properties of S. Typhimurium might be linked to the variations in the 
number of flagella and fimbriae or in the composition of surface proteins. Indeed, it has been 
shown that the production of flagella anf fimbriae is temperature and pH-denpendent (Romling et 
al., 1998; Tresse et al., 2006). The rich protein (and protein-associated COOH/COO-) content of 
flagella and fimbriae could explain the basic or acidic character of the cells (Bellon-Fontaine et 
al., 1996). The differences in physicochemical properties of cells grown at different temperatures 
and pHs might also reflect the synthesis of acclimation proteins due to acidic or thermal stresses 
during bacterial growth, which could have resulted in changes of their cell wall composition 




In conclusion, attachment of S. Typhimurium showed a preference to stainless steel than 
acrylic surface, regardless of temperature and pH. Because of its less adherent property, acrylic 
should be considered as an alternative to stainless steel in the food industry where possible. The 
rate of biofilm formation of the strain increased with elevated temperature and at neutral pH. 
Hydrophobicity of the strain was not altered, while Lewis acid-base interactions changed with pH 
and temperature. This study suggests that hurdle technology using lower temperature and pH 
would help to delay biofilm formation on food contact surfaces when the product is contaminated 
with S. Typhimurium. 
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Chapter IV – Efficiency of sanitizers on Salmonella Typhimurium biofilms 
formed under various conditions 
The aim of this chapter was to understand how different factors including biofilm age, 
attachment surface (stainless steel and acrylic) and various growth conditions such as different 
pH (pH 6 and 7) and temperature (28, 37 and 42 °C) affected the resistance of Salmonella 
Typhimurium biofilm against industrial sanitizers. The sanitizers tested were quaternary 
ammonium compounds (QAC, 200 ppm), mixed peroxyacetic acid/organic acids (PAO, 0.1%) 
and sodium hypochlorite (chlorine, 50 ppm). 
A. Materials and methods 
1. Bacterial strains and culture conditions 
 Bacterial strains and culture conditions were the same as previously described in Chapter 
III. 
2. Biofilm formation and enumeration of attached cells. 
 Biofilm formation and enumeration of attached cells were done with the same procedures 
as described in Chapter III. 
3. Preparation of sanitizers 
 Three chemical agents, namely chlorine, quaternary ammonium compound, and mixed 
peroxy acid/organic acid, which are commonly used for sanitizting food contact surfaces were 
selected due to their differences in hydrophobicity and electrical chages, as well as their 
mechanism of action on bacterial cells (Naitali et al., 2009). The concentration of each sanitizer 
was adjusted with distilled water on the day of evaluation according to manufacturer’s 
recommendations. Specifically, 50 ppm chlorine solution was prepared from XY-12 (Ecolab, 
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MN, USA; 8.0% available chlorine). The quaternary ammonium compounds was diluted from 
Ster-Bac (Ecolab; 10.0% n-Alkyl (50% C14, 40% C12, 10% C16) dimethyl benzyl ammonium 
chloride) to a concentration of 200 ppm of active quaternary compounds. The mixed peroxy 
acid/organic acid sanitizer was prepared at 0.1% of Vortexx (Ecolab, Singapore)  which is a 
mixture of acetic acid, hydrogen peroxide, peracetic acid, and octanoic acid. 
4. Sanitizer treatment 
 To evaluate the sensitivity of biofilms formed under different growth conditions to 
sanitizers, the coupon was carefully removed from the growth medium with sterile forceps, 
gently tapping it against the side of the petri dish to remove excess liquid droplets and rinsed 
twice with sterile PBS to remove any loosely attached cells. The coupon was then placed in 
sterile plastic tubes and then treated with 8 ml of sanitizer solution for 0.5, 1, 2, 3, 5, or 7 min. 
The treated coupon was immediately placed in sterile test tube containing glass beads and 5 ml of 
Dey-Engley neutrlizing broth (DEB) (Sigma-Aldrich, MO, USA). The surviving cells were then 
recovered and enumerated as described in  Chapter III, part C. 
5. Statistical analysis 
All results reported were means with the corresponding standard deviation. The mean 
values were obtained from independent triplicates with duplicate sampling for each trial. Data 
were analyzed by descriptive analysis and one-way analysis of variance (ANOVA) using an IBM 
SPSS package (version 19.0; SPSS Inc., IBM, New York, USA). If p value was less than 0.05, 
the mean values were significantly different. 
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B. Results and discussion 
1. Determination of sanitizer treatment time 
  In order to determine appropriate exposure time for the comparison of biofilm resistance 
to three sanitizers, biofilm of Salmonella Typhimurium formed on stainless steel at pH 7 and 37 
°C for 24 h was treated with 200 ppm quaternary ammonium compound (QAC), 0.1% mixed 
peroxy acid/organic acid (PAO) and 50 ppm chlorine for different periods of time, ranging from 
0.5 to 7 min (Figure 4-1). The initial population of S. Typhimurium in biofilm was ca. 7.86 log 
cfu/ml. Approximately 5-log reduction was observed when biofilms were exposed to PAO and 
QAC for 5 min. There was no significant difference (p > 0.05) in the number of surviving cells in 
the biofilms when treated with PAO and QAC for 1 to 5 min. Treatment of QAC on biofilm for 7 
min decreased cell count to below the detection limit, while the number of surviving cells was 
still ca. 2 log cfu/ml after treatment with PAO. On the other hand, exposure of biofilm to chlorine 
for 1 – 3 min reduced the cell counts by 4 to 5 log cfu/ml, which was about 1 log more effective 
than the other two sanitizers. In addition, cells in biofilm were not detected after exposure to 
chlorine for 5 min or more.  
  The present result also implies that, in term of log reduction, 50 ppm chlorine was most 
effective and able to completely inactivate S. Typhimurium biofilm with 5 min exposure. Ramesh 
et al. (2002) investigated the effeciency of 13 commercial disinfectants, including sodium 
hypochlorite and QAC-containing disinfectants, on Salmonella biofilm on galvanished steel and 
reported similar results, with sodium hypochlorite (>7 log reduction after 2 min exposure) being 
more effective than QAC (1-3 log reduction). Contrarily, Moretro et al. (2009) compared nine 
commercial disinfectants at recommended user-concentrations against 2-day old Salmonella 
biofilms and observed that hypochlorite had the lowest effect (with 0.5 – 1 log reduction after 5 
min exposure), while QAC-containing disinfectants had an intermediate effect (1.5 – 4 log 
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reduction); and peracetic acid-containing agents and organic acids were the most effective (>4 
log reduction). Such disagreements could be attributed to the variations in experimental 
conditions such as sanitizer/disinfection concentration, exposure time and biofilm age. In 
addition, the commercial disinfectants produced by diferent manufacturere may vary in active 
components and compositions. 
 
Figure 4-1: Effect of quaternary ammonium compound (QAC), mixed peroxy acid/organic acid 
(PAO) and chlorine (Cl2) on S. Typhimurium biofilm. 
   
  Previous studies reported that exposure of planktonic Salmonella cells to sodium 
hypochlorite, QAC and organic acids for 0.5 – 1 min resulted in 5 – 7 log reduction (Berchieri 
and Barrow, 1996; Moretro et al., 2003; Yang et al., 2009). In the present study, exposure of S. 
Typhimurium biofilm to sanitizers for 0.5 – 1 min resulted in ca. 1.5- to 4.4-log reduction, which 
indicated that the effectiveness of these sanitizers against S. Typhimurium biofilm decreased due 
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to the enhanced resistance of attached cells. It could be attributed to several mechanisms, 
including that the cell membrane becomes more resistant, the biofilm is protected by extracellular 
polymetric secretions and the three-dimensional structure of biofilm protects the inner cells 
(Kubota et al., 2009). The structure of biofilm may limit the penetration of sanitizers, hence 
reducing their effectiveness. In addition, attached cells may have some physiological changes 
such as the production of enzymes degrading and inactivating antimicrobial substances (Kumar 
and Anand, 1998). 
 From this experiment, an exposure time of 2 min was chosen for the sanitizer treatment 
study to compare the resistance of biofilms formed under various conditions to these sanitizers. 
An exposure time of 2 min was long enough to obtain significant sanitation effect, yet the 
surviving cell count was still above the detection limit.  
2. Effect of biofilm age on resistance of biofilm 
  Increasing in incubation time (hence, increasing in biofilm age) resulted in a significant 
increase (p<0.05) in biofilm resistance to all sanitizers when biofilms were formed at pH 6-37 °C 
on stainless steel (Tables 4-1, 4-2, and 4-3). Such an increase in biofilm resistance was also 
observed for the other growth conditions, but only to certain sanitizers. For example, biofilm 
formed at pH 7-28 °C (stainless steel and acrylic) developed enhanced resistance to 200 ppm 
QAC; while biofilm formed at pH 6-28 °C (stainless steel and acrylic) was more resistant to 0.1% 
PAO and biofilm at pH 7-42 °C (acrylic) was more resistant to 50 ppm chlorine. Contrarily, the 
resistance of biofilms formed at pH 7-37 °C (both acrylic and stainless steel) and pH 7-42 °C 
(only stainless steel) decreased as biofilm age increased. 
  The present results indicated that the effect of biofilm age on its resistance was dependent 
on not only growth conditions but also sanitizers used. Similarly, Belessi et al. (2011) reported 
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that the increased resistance of L. monocytogenes to QAC, but not chlorine, was observed for pH 
5 adapted biofilm formed at pH 7. Such increased resistance was not observed for pH 5 adapted 
biofilm formed at pH 5. In addition, they reported that non-acid adapted biofilm formed at pH 5 
developed increased resistance to chlorine, but neither peroxyacetic acid nor QAC. The increased 
resistance of biofilms with ages under certain conditions could be due to the ability of adhered 
bacteria to act as a “shield” and thus reducing the accessibility of sessile cells present in the 
bottom of the biofilm. Moreover, the accumulated layer of EPS may act as a polyanionic barrier 
functioning as an ion-exchange resin capable of binding a very large number of molecules 
(Chavant et al., 2004), hindering the access of the disinfectant to the cell membrane. However, 
under other conditions, an increase in biofilm age didn’t lead to increased resistance, which could 
be attributed to the fact that the composition of EPS produced by Salmonella varies with 
temperature and pH (Solano et al., 2002). Romling et al. (1998) showed that the expression of 
thin aggregative fimbriae and EPS production in S. Typhimurium  was normally favored under 
certain conditions, such as low temperature. In addition, Gerstel and Romling (2003) reported 
that the expression of curli fimbrae and cellulose (cellulose is constituents of the EPS) in S. 
Typhimurium and S. Enteritidis was influenced by temperature, pH and other environmental 
factors such as nutrient, oxygen tension, osmolarity, etc. Therefore, it could be hypothesized that 
production of EPS was not optimal under these conditions and prolonged incubation time didn’t 






























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































3. Effect of attachment surface on resistance of biofilm 
  Overall, there was no significant difference (p>0.05) in resistance to sanitizers between 
biofilms formed on stainless steel and acrylic surfaces under the same condition (Tables 4-1, 4-2, 
and 4-3), except in some cases where resistance of biofilms formed on acrylic surface was 
significantly (p<0.05) less than that on stainless steel. Specifically, those were biofilms formed at 
pH 6-28 °C (24 h and 168 h when treated with QAC, 48 h when treated with PAO), pH 7-28 °C 
(48 h when treated with PAO, and 96 h when treated with chlorine), pH 7-42 °C (24 h when 
treated with chlorine), and pH6-37 °C (168 h when treated with chlorine). On the other hand, 
168-h biofilm formed at pH 7-42 °C on acrylic was more resistant to PAO (Table 4-2), but not 
QAC (Table 4-1) or chlorine (Table 4-3), than stainless steel surface.  
  It has been reported elsewhere that biofilm resistance was influenced by attachment 
surface (Jeyasejaran et al., 2000; Joseph et al., 200; Karunasagar et al., 1996; Ronner and Wong, 
1993). Ronner and Wong (1993) found that biofilms of S. Typhimurium were more resistant to 
sanitizers (iodophor, hypochlorite, or mixture of chlorine and anion acid-based disinfectant) when 
biofilms were formed on Buna-N-rubber, cement or HDPE (high density poly-ethylene) than that 
on stainless steel. The discrepancy between our result and these studies could be attributed to 
several factors, including experimental conditions, materials for attachment and their surface 
properties. Moreover, there may be a significant variation in surface topography, which is 
important for bacterial attachment, especially if the surface consists of deep channels or crevices 
to trap bacterial and protect the entrapped bacteria from sanitizes (Kumar and Anand, 1998). 
Therefore, it is difficult to compare results of studies done under different conditions. 
 Another reason that may explain the discrepancy between our result and previous study is 
that the effect of attachment surface on biofilm resistance may be sanitizer-dependent. Somers 
and Wong (2004) evaluated the efficacy of various combination of detergents and sanitizers on 
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the inactivation of L. monocytogenes biofilms formed on a diverse range of food-contact and non 
food-contact surfaces, and reported that the dependence of cleaning efficacy was dependent on 
attachment surfaces for certain sanitizer combinations only. In other words, the influence of 
attachment surfaces on biofilm resistance may be only observable for certain sanitizers and the 
sanitizers used in the present study were not able to reveal such influence. 
4. Effect of growth condition on resistance of biofilm 
  For incubation periods of 24 to 96 hours, there was generally no significant difference 
(p>0.05) in biofilm resistance among different temperatures or between different pHs (Tables 4-
1, 4-2, and 4-3), with some exceptions. For example, biofilm formation at pH 6 resulted in 
enhanced resistance against QAC and chlorine, with only 3.31- and 3.70-log reductions, than at 
pH 7 with 3.99- and 4.63-log reduction, respectively, when biofilms were formed at 28 °C on 
stainless steel for 24 h (Tables 4-1 and 4-3). Contrarily, the decreased resistance of biofilm to 
PAO and chlorine was observed when biofilms were formed on acrylic at pH 6 and 42 °C for 48 
h, and on stainless steel at pH 6 and 28 °C for 96 h, respectively.  
  The effect of growth condition on biofilm resistance to each sanitizer showed a clearer 
pattern for biofilm age of 168 h (Figure 4-2).  The resistance of 168-h biofilms on acrylic surface 
to sanitizers was not influenced by different growth temperatures and pHs. On the other hand, for 
stainless steel, growth temperature significantly affected the sensitivity of biofilms formed at pH 
6 to all sanitizers, with the lowest log reduction at 37 °C, followed by 28 °C and 42 °C. However, 
the resistance of biofilms formed at pH 7 to each sanitizer was not significantly (p>0.05) 
different, regardless of growth temperatures. At the same growth temperature of 37 °C, biofilms 
formed at pH 6 were more resistant to QAC and PAO with only 2.04 and 2.99 log reductions, 
than those at pH 7 with 3.62- and 5.75- log reductions, respectively. For the other two growth 
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temperatures (28 and 42 °C), no significant (p>0.05) difference was observed in log reduction 
regardless of growth pH. No difference was found in the log reduction between biofilms formed 
at pH 6 and 7 under the same temperature after chlorine treatment.  
  The effect of growth conditions on biofilm resistance has been reported by Belessi et al. 
(2001), where L. monocytogenes biofilms formed at 5 °C were more susceptible to peroxyacetic 
acid than biofilms formed at 20 °C. In addition, non-acid adapted L. monocytogenes biofilms 
formed at pH 5.0 was more sensitive to sanitizers than those formed at neutral pH. However, it is 
difficult to compare the present study with that of Belessi et al. (2001) due to the difference in 
bacterial genera, temperatures, pH and incubation time. Nevertheless, these studies proposed that 
temperature and pH at which biofilms are formed could have positively or negatively effects on 
the resistance of biofilms against sanitizers. Resistance of biofilm to sanitizers has been attributed 
to the production of thin aggregative fimbrae, curli fimbrae and cellulose, which is constituent of 
EPS layers, or synthesis of degrading enzymes, of which production may be regulated by 
environmental factors such as temperature and pH (Marles-Wright and Lewis, 2007; Romling et 
al., 1998). Therefore, it could be postulated that the production of EPS or expression of enzymes 







Figure 4-2: Effect of different growth conditions on sensitivity of biofilm formed on stainless steel 






Among the three sanitizers tested, 50 ppm chlorine was the most effective, followed by 
200 ppm QAC and 0.1% PAO for biofilms formed under optimum growth condition. Attachment 
surface didn’t show any effect on biofilm resistance to sanitizers in this study. Increasing biofilm 
age led to increased biofilm resistance when biofilm was formed under certain conditions. The 
effect of temperature and pH on biofilm resistance was dependent on biofilm age. The present 
results indicate that environmental factors such as temperature and pH might have some positive 
or negative effects on the resistance of S. Typhimurium biofilm to sanitizer treatment, depending 
on sanitizers and biofilm age. Thus, this study may help design sanitation strategies on biofilm 




Chapter V – General summary 
This study originated from the need of understanding biofilm formation under food 
processing conditions, which could assist in developing effective sanitizing procedures to ensure 
food safety. Chapter III of this thesis demonstrated that attachment of S. Typhimurium was less 
on acrylic surface in comparison with stainless steel under all conditions tested. This finding 
suggested that acrylic should be considered as equipment and food contact surfaces, where 
possible, to minimize the risk of biofilm formation. On the other hand, the rate of biofilm 
formation of the strain decreased with decreasing temperature and pH within the range tested, 
implying that hurdle technology using low temperature and pH could be employed to hinder the 
process of biofilm formation. Although the MATS assay showed that Lewis acid-base 
interactions of S. Typhimurium cell surface changed with pH and temperature, such changes did 
not correlate with the difference in biofilm formation. Further characterization of cell surface 
charge and molecular biology may be useful in future studies to determine the mechanisms of 
temperature and pH effects on biofilm formation. 
During processing or storage of food and food products, bacteria may be exposed to 
various stresses (acid/base, low/high temperatures, etc) simultaneously or sequentially, which 
may induce the formation of resistant biofilms. Therefore, in Chapter IV, the effects of 
suboptimal biofilm formation conditions on its resistance against industrial sanitizers were 
determined. Among the three sanitizers tested , 50 ppm chlorine was the most effective, followed 
by 200 ppm QAC and 0.1% PAO for biofilms formed under optimum growth condition. Unlike 
some other studies (Jeyasejaran et al., 2000; Joseph et al., 200; Karunasagar et al., 1996; Ronner 
and Wong, 1993), attachment surface didn’t show any effect on biofilm resistance to sanitizers in 
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this study. However, it could be postulated that the effect of attachment surface might be 
dependent on types of sanitizers (Somers and Wong, 2004). Biofilm age and environmental 
factors such as temperature and pH might have positive or negative effects on biofilm resistance, 
being dependent on several other factors such as sanitizer and attachment surface. The present 
results could help to understand more about the risk of resistance of biofilm under real food 
processing conditions, and hence, serving as the groundwork for development of effective 
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